Quantum degenerate molecules represent a new paradigm for fundamental studies and practical applications. Association of already quantum degenerate atoms into molecules provides a crucial shortcut around the difficulty of cooling molecules to ultracold temperatures. Whereas association can be induced with either laser or magnetic fields, photoassociation requires impractical laser intensity to overcome poor overlap between the atom pair and molecular wavefunctions, and experiments are currently restricted to magnetoassociation. Here we model realistic production of a quantum degenerate gas of stable molecules via two-photon photoassociation of Bose-condensed atoms. An adiabatic change of the laser frequency converts the initial atomic condensate almost entirely into stable molecular condensate, even for low-intensity lasers. Results for dipolar LiNa provide an upper bound on the necessary photoassociation laser intensity for alkali-metal atoms ∼ 30 W/cm 2 , indicating a feasible path to quantum degenerate molecules beyond magnetoassociation. [6] , and coupled atom-molecule systems are an analogue for quantum gravity [7] . Dipolar molecules in particular, with their controllable long range anisotropic interactions, are not only an excellent candidate for implementing quantum computation schemes [8] , but allow for proxy investigations of exotic condensed-matter phases [9] .
Quantum degenerate molecules represent a new paradigm for fundamental studies and practical applications. Association of already quantum degenerate atoms into molecules provides a crucial shortcut around the difficulty of cooling molecules to ultracold temperatures. Whereas association can be induced with either laser or magnetic fields, photoassociation requires impractical laser intensity to overcome poor overlap between the atom pair and molecular wavefunctions, and experiments are currently restricted to magnetoassociation. Here we model realistic production of a quantum degenerate gas of stable molecules via two-photon photoassociation of Bose-condensed atoms. An adiabatic change of the laser frequency converts the initial atomic condensate almost entirely into stable molecular condensate, even for low-intensity lasers. Results for dipolar LiNa provide an upper bound on the necessary photoassociation laser intensity for alkali-metal atoms ∼ 30 W/cm 2 , indicating a feasible path to quantum degenerate molecules beyond magnetoassociation. Introduction.-Quantum degenerate molecules offer a new level of control over experiments in ultracold chemistry [1] , which could facilitate investigations in physical chemistry, e.g., the effect of long-range van der Waals forces on molecular dynamics [2] , the role of fine and hyperfine interactions in chemical reactions [3] , chemical reactions in reduced dimensions [4] , as well as ultraselective photodissociation and bimolecular reactions [5] . Moreover, ultracold molecules could test the standard model and beyond, since quantum degeneracy allows for precise spectroscopic determination physical constants [6] , and coupled atom-molecule systems are an analogue for quantum gravity [7] . Dipolar molecules in particular, with their controllable long range anisotropic interactions, are not only an excellent candidate for implementing quantum computation schemes [8] , but allow for proxy investigations of exotic condensed-matter phases [9] .
Since buffer gas cooling [10] and electromagnetic deceleration [11] of molecules have yet to reach the ultracold regime, experiments have turned to association of already quantum degenerate atoms. Association of atoms into molecules occurs in the presence of a magnetic field due to the hyperfine interaction [12] , or in the presence of a laser field due to the electric dipole interaction [13] . For typical distances between quantum degenerate atoms, the magnetic hyperfine coupling between atoms and molecules can be much stronger than the electric dipole coupling at practical laser intensity ( < ∼ 10 W/cm 2 ). Associative production of a quantum degenerate gas of stable molecules via laser resonances, or photoassociation, is therefore complicated by the need for large intensity [14, 15] , and experimental schemes have focused on magnetic resonances, or magnetoassociation [16, 17] . However, magnetic resonances are not always convenient or existent. Moreover, photoassociation would allow, for example, the ready possibility of phase imprinting the product molecules, or transferring angular momentum from the lasers to the molecules.
Photoassociation
creates molecules in an electronically-excited state, so at least one additional laser is required to create stable molecules, in which case we have a two-photon transition. There are three distinct two-photon schemes for creating stable molecules: (i) Lasers with both intensity and frequency fixed, which leads to oscillations between atoms and stable molecules similar to Josephson oscillations in a superconductor. (ii) Lasers with pulsed intensity and fixed frequency, where atoms are converted into ground state molecules without ever creating electronically-excited molecules, i.e., the excited state is "dark". (iii) Lasers with fixed intensity and slowly changing frequency, whereby the system adiabatically follows the ground state as it evolves from atoms into stable molecules. Josephson-like [19] and dark-state [20] schemes have been reported previously, and require impractical laser intensity to overcome shifts of laser resonance due to elastic collisions between the particles. Adiabatic following is used extensively in magnetoassociation experiments [16] [17] [18] , but has somehow been overlooked as a means to create stable molecules with photoassociation. Here we report that, for practical laser intensities, a quantum degenerate gas of stable molecules can be created with two-photon photoassociation using adiabatic following.
Basic Model.-Without loss of generality, we focus on the creation of dipolar molecules via heteronuclear photoassociation [21] . Consider a mixture of two atomic species that have Bose-condensed into the state |a 1 , a 2 . In a two-laser scheme [ Fig. 1(a) ], a photoassociation laser converts an atom from each species into an electronicallyexcited molecule in the state |e , where Ω 1 is the atommolecule coupling arising from the the electric dipole interaction, and δ is the one-photon detuning arising from the energy mismatch between the laser 1 photons and the energy of the molecular state |e relative to the atomic state |a 1 , a 2 . The state |e undergoes spontaneous radiative decay at the rate Γ 0 , as well as stimulated pho- todissociative decay that will be introduced momentarily. A second laser converts excited molecules in |e into stable molecules in the state |g , with Ω 2 the moleculemolecule coupling due to the electric dipole interaction, and ∆ 0 the two-photon detuning that describes the energy mismatch between the total energy of two laser photons and the energy of the molecular state |g relative to the atomic state |a 1 , a 2 . Elastic collisions between particles change the relative energy between the states, and therefore the detuning of the lasers, according to the coupling Λ ij ∝ ρa ij /µ ij , where ρ is the total particle density, a ij is the s-wave scattering length, and µ ij is the reduced mass for the ith and jth particles. Trapping of the particles and dipole-dipole interactions are negligible on the timescale for atom-molecule conversion. We return to the four laser scheme [Figs. 1(c,d)] in a moment. When the photoassociation laser is far off resonance with the transition |a 1 , a 2 ↔ |e , i.e., for |δ| Γ 0 , then one-photon transitions to the excited state |e are negligible, and two-photon transitions directly to the stable molecular state |g will dominate, as per Fig. 1(b) . The two-photon coupling between the atoms and stable molecules is χ = Ω 1 Ω 2 /δ, the effective two-photon detuning ∆ = ∆ 0 − Ω 2 2 /δ, and the effective spontaneous decay rate Γ = (Ω/δ) 2 Γ 0 . The mean-field equations of motion for this system are
Here a 1(2) is the probability amplitude for atomic species 1(2), g is the amplitude for stable molecules, A(ε) is the amplitude for atom pairs that are photodissociated out of the condensate,hε = p 2 /2µ 12 is the kinetic energy of a photodissociated pair, and f (hε) is the energy spectrum of dissociated pairs. The role of photodissociation to noncondensate pairs is expected [22] 23] , so that Ω 1 /2π = (µ 0 /µ 12 )(ρ/ρ 0 )(I/I 0 ) × 290 kHz, where µ 0 = 3.5 a.u., ρ 0 = 4 × 10 12 cm −3 , and I 0 = 28 W/cm 2 . For Γ 0 /2π = 12 MHz, the detuning of the photoassociation laser is set to δ = 10 2 Γ 0 , which is large enough suppress spontaneous decay with χ = 100Γ for reasonable intensities, but small enough to avoid interference from neighboring states of the photoassociation target |e . The molecule-molecule coupling is set to Ω 2 < ∼ Γ 0 , which is generally possible for reasonable laser intensity. For dense condensates, ρ = 10 14 cm −3 , the largest coupling for elastic collisions is estimated [24] as Λ max ≈ 0.3ω ρ , so that strong with respect to twophoton photodissociation is essentially the same as strong with respect to collisions. As per Table I , we consider strong, moderate and weak couplings χ, although only weak coupling corresponds to photoassociation laser intensities that are easily achieved [25] .
Adiabatic Following.-Instead of the mismatch between the two-photon photon energy and the relative atommolecule energy, think of the detuning ∆ as simply the energy of the stable molecular state-relative to the atomic state-that is tunable according to the frequency of the lasers. For a laser frequency such that ∆ > 0, as in Fig. 1(b) , the ground state of the system is then stable molecules, whereas the ground state of the system is atoms for ∆ < 0. According to the adiabatic theorem [26] , if the system begins as atoms above resonance, and the laser frequency is adjusted so that ∆ changes adiabatically from positive to negative, then the system will follow the ground state as it evolves from atoms to stable molecules. Since the two-photon coupling χ sets the frequency scale, a change of laser frequency is adia-
Hence we use ∆(t) = ∆ i ± (χ 2 /10)t. On a practical note, the change in the two-photon detuning ∆ is effected by changing the frequency of laser 2, since the condition δ = 100Γ 0 , which mitigates decay, fixes the frequency of laser 1.
Basic adiabatic following, and the role of photodissociation, is illustrated for an ideal gas in Figs. 2(a-c) , where solid (dashed) lines are molecules (atom pairs) and initial atoms are not shown. For ∆ initial < 0, as discussed above, the system follows the ground state as it evolves from atoms to molecules, independent of the atom-molecule coupling [ Figs. 2(a-c) , right arrows, blue curves]. For ∆ initial > 0 at strong coupling [ Fig. 2(a) , left arrow, red curves], molecules form near resonance, but quickly turn into pairs since photodissociation is energetically favorable for ∆ < 0. The weak coupling results [ Fig. 2(c) ] are independent of sgn(∆ initial ), since photodissociation produces only a tiny fraction of pairs [barely visible in Fig. 2(c) Fig. 2(f) ], collisions shift the two-photon resonance well off zero detuning, and lead to an asymmetry with respect to sgn(∆ initial ). Atommolecule conversion takes place largely near resonance within ∆ ≈ ±χ/2, which for weak coupling translates into a rate R ≈ χ/10 ω ρ and a timescale of about 0.5 ms, far below the rate limit [22, 25] . We examine the role of collisions further by setting Λ ij = Λ and fixing χ = 0.06ω ρ . For increasing Λ, the conversion efficiency maximizes for ∆ initial < 0, and conversion for ∆ initial > 0 is relatively unaffected [ Fig. 2(g) ]. Compared to Λ max /χ ≈ 5 in Fig. 2(f) , conversion ∼ 90% survives an increase in the strength of elastic collisions ∼ 30%.
Finally, extrapolating to heavier systems should be possible. Recalling Λ max /χ ∝ (a max /µ max ) µ 12 /I 1 , heavier particles will require less photoassociation intensity I 1 to satisfy weak coupling and maintain high efficiency. On the other hand, instead of reducing I 1 , heavier particles allow high efficiency for a possibly larger s-wave scattering length a max .
Four-Laser Scheme.-We also consider the four-laser scheme illustrated in Fig. 1(c) , where transitions to stable molecules occur through an intermediate, vibrationallyexcited molecular state in the ground electronic manifold. The photoassociation laser still converts atom pairs in the state |a 1 , a 2 into electronically-excited molecules in state |e , but the second laser now converts molecules in the state |e into electronically-stable, vibrationallyexcited molecules in state |v . A third laser then converts molecules in |v into molecules in a second electronically- excited state |e 2 , and a fourth laser converts molecules in state |e 2 into molecules in the stable state |g . The laser 1 and 2 couplings and detunings are as defined previously, whereas the laser 3 (4) coupling is Ω 3(4) , the detuning of laser 3 from the |v ↔ |e 2 transition is δ 2 , and the detuning of lasers 3 and 4 from the two-photon transition |v ↔ |g is ∆ 02 . Spontaneous decay from the states |e and |e 2 is taken to occur at the same rate Γ 0 .
When laser 1 is off resonant from the transition |a 1 , a 2 ↔ |e , and laser 3 is off resonant with the |v ↔ |e 2 transition, then two-photon transitions |a 1 , a 2 ↔ |v and |v ↔ |g will dominate, as illustrated in Fig 1(d) . The basic model (1) is then generalized to read 
3: (color online) Molecular probability vs. dimensionless time for two-step adiabatic following, where the dimensionless time is τi = χit. In the first step, photoassociation creates vibrationally-excited molecules, which are converted into ground state molecules in the second step. The parameters for the photoassociation steps (red) are as in Fig. 2(d,e) , respectively. The parameters for the second steps (blue) are fixed at Ω3 = 10Ω4 = δ2 = 100Γ0, so that χ2/Γ2 = 1000.
where b is the amplitude for the |v molecules. The primary two-photon parameters are the same as Eqs (1), but relabeled with subscript 1, and the secondary twophoton parameters are
Here the frequency of laser 1 (3) is fixed such that δ 1(2) = 100Γ 0 , so that adiabatic following due to changing ∆ 1(2) is effected by changing the frequency of laser 2 (4). The ω i are again determined by Λ ij ∝ ρa ij , and collision-induced vibrational relaxation [27] of molecules in |v is included with imaginary scattering lengths estimated from 87 Rb [14, 15] . Now a slow change in ∆ 1 converts atoms to vibrationally-excited molecules, and a subsequent slow change in ∆ 2 converts the vibrationally-excited molecules into stable molecules, where ∆ i = −|∆ initial | + |∆ i |t and |∆ i | = χ 2 i /10 is slow. The best yield is about 75% [ Fig. 3(a) ], but requires an impractically strong photoassociation laser, I 1 = 14.2 kW/cm 2 , to compete against vibrational relaxation, even for low condensate density ρ = 10 12 cm −3 . Moderate coupling [ Fig. 3(b) ], requires less intensity, I 1 = 1.42 kW/cm 2 , but the yield drops to about 65%. Here atom-molecule conversion takes about 0.3 ms. Weak coupling, χ = 0.06ω ρ (not shown), only requires I 1 = 150 W/cm 2 , but only yields 35% molecules. Conclusion.-We have shown that, for practical laser intensities, a quantum degenerate gas of stable 7 Li-Na molecules can be created with two-photon photoassociation using adiabatic following. Transitions directly to the stable molecular state require the least photoassociation intensity, about 30 W/cm 2 , and are thus more feasible than transitions via an intermediate, electronicallyexcited state. This requisite intensity decreases for heavier particles and, moreover, efficient low-intensity conversion is robust against reasonable increases in the strength of elastic s-wave collisions. Hence, although 7 Li-Na was used as an example, the method should be feasible for heavier species, heteronuclear or homonuclear, and most likely for other statistics as well.
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